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3 SOURCES OF SPACE RADIATION3 sources of space radiation 
GCR 
SPE 
Geo 
https://oltaris.larc.nasa.gov
SPE=Solar Particle Event GCR = Galactic Cosmic Rays
Geo = Geomagnetically trapped particles
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GCR COMPOSITION, SPECTRUM, ORIGIN
3 regions
- High Energy < PeV
- Very High Energy (knee) PeV - EeV
- Ultra High Energy (ankle) > EeV
keV = 103eV MeV = 106eV
GeV = 109eV TeV = 1012eV
PeV = 1015eV EeV = 1018eV
ZeV = 1021eV
Large Hadron Collider
14 TeV cm⇒ 400 PeV lab
6
little subsequent nuclear transformations. There is also a pri-
mary CR electron component and at GeV energies its flux
is two orders of magnitude below that for protons. Most
impressively, the all-particle energy spectrum extends over
more than 11 orders of magnitude in energy. It is the proto-
type of a nonthermal spectrum, without a sign for a charac-
teristic energy scale (Fig. 4).
The differential energy spectrum is approximately a power
law in energy E ∝ E−2.75 beyond the range of influence
from the Sun, for 1010 eV < E < few 1015 eV. The spec-
tral features at several 1015 eV and 1018 eV, respectively, may
indicate different particle sources, or alternatively, different
energy dependences of the propagation conditions in the sep-
arate energy regions. The corresponding estimate of the CR
energy density ECR in the neighborhood of the Solar Sys-
tem is of the order of 1 eV/cm−3, about equal to the thermal
energy density Egas of the Interstellar gas as well as the typ-
ical Interstellar magnetic energy Emag, measured by other
means: ECR ∼ Egas ∼ Emag. I have discussed the signifi-
cance of this equality before.
Fig. 4. The all-particle CR energy spectrum. For E >∼ 10 GeV,
the spectrum is a power law, slightly steepening at a few 1015 eV,
the so-called Knee, and hardening at a few 1018 eV, the so-called
Ankle. (Adapted from Cronin et al. 1997; courtesy S. Swordy.)
How should we picture the overall energy distribution of
the thermal gas plus the CRs as they coexist in a given vol-
ume element in space? This question has no unique answer
because, even if the gas and the CRs are energized at the
same place in a cosmic accelerator like a Solar Flare or a Su-
pernova Remnant, their spatial propagation can be very dif-
ferent. Nevertheless, at such an accelerator, the nonthermal
power law distribution of the CRs should grow out of the
thermal distribution somewhere above the gas thermal en-
ergy. This can be seen in Fig. 5 which shows an analytical
calculation of diffusive particle acceleration at a shock wave.
The example also indicates the relative energetics: despite
the fact that the particle number density of the gas exceeds
that of the CRs by three orders of magnitude, the inverse is
roughly true for the mean particle energies. Therefore such a
process can indeed lead to approximately equal energy den-
sities of the two components.
Fig. 5. Totalenergy distribution of thermal plasma (gas) plus non-
thermal plasma (CRs) near a diffusively accelerating shock wave:
the thermal (Maxwellian) energy distribution joins rather smoothly
to the nonthermal power law CR distribution at an “injection” en-
ergy that is several times larger than the mean thermal energy Eth.
Only supra-thermal particles above this injection energy can partic-
ipate in the collective acceleration process (adapted from Malkov
and Vo¨lk, 1998; courtesy “Sterne und Weltraum”).
3.2 Cosmic Ray source spectra, composition
The observed CR energy spectra are not necessarily identi-
cal with the spectra of the particles as they are emitted from
their sources. The connection between the two is rather given
by the particle propagation properties. Observations show
that the ratio between the energy spectra of CR spallation
products and their primary particles decreases with energy
(Fig. 6). For energies above 10 GeV/nucleon this translates
directly into a corresponding energy dependence of the av-
erage amount of Interstellar matter “seen” by CR particles.
If we assume the particles to be produced deeply inside the
dense Galactic gas disk then this implies a shorter residence
time there for higher energy particles than for those of lower
energy before they eventually escape to Intergalactic Space.
Let us now in addition take the particle sources as well as
the particles released from them to be uniformly distributed
across the Galactic disk that includes also the Solar System
Volk, ICRC, 2001:3
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GCR HIGH ENERGY < PEV
Space radiation problem
GCR (primary) composition
98% nuclei, 2% e+e−
Nuclear component:
87% Hydrogen
12% Helium
1% heavy nuclei
GCR origin
Emitted in stellar wind &
flares & accelerated by
supernova shock waves
(within our Galaxy)
•  Maximum cosmic ray intensity 
•   0.1 - 10 GeV 
•  almost no data 
•   1 - 10 GeV 
•  Theory least             
understood 
•   1 - 10 GeV 
Hadrons / Pions 
Simpson, Ann. Rev. Nucl. Part. Sci. vol.33, p.323, 1983
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GCR HIGH ENERGY < PEV
http://imagine.gsfc.nasa.gov/Images/science/abund2.gif
JOHN NORBURY (NASA LANGLEY) SPACE RADIATION RESEARCH AT NASA FRIDAY APRIL 29, 2016 6 / 46
APPLIED NUCLEAR PHYSICS RESEARCH
Nature Reviews | Cancer
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within seconds. No large-scale chromatin 
movements are associated to the repair activ-
ity33, yet some movement is observed in the 
repair protein foci. Image analysis of γ-H2AX 
and TP53BP1 protein dynamics in human 
epithelial cells fixed following exposure to 
Fe ions suggests that DNA lesions do indeed 
move to nuclear sub-domains for more 
efficient repair34.
To date, there is no experimental evi-
dence that different repair pathways are 
invoked following exposure to heavy ions or 
sparsely ionizing radiation. However, emerg-
ing evidence does suggest significant differ-
ences in gene expression at early times after 
irradiation35, and that LET has an influence 
on the dynamics of chromatin movements 
following irradiation36–37. More studies com-
paring HZE nuclei and X-rays are necessary 
to assess the recruitment kinetics of different 
proteins at sites of DNA damage.
Chromosomal aberrations. DNA DSBs 
misrepaired or left unrepaired eventually 
appear as chromosomal aberrations38. 
Heavy charged particles are effective at 
producing chromosomal exchanges with 
RBE values exceeding 30 in interphase (as 
visualized using premature chromosome 
condensation) and 10 at the first post-
irradiation mitosis for energetic heavy 
ions39. However, lower values are observed 
in vivo40–41. Besides, cytogenetic studies 
reveal a much higher level of complexity 
of chromosomal rearrangements induced 
by heavy ions compared with sparsely ion-
izing radiation (FIG. 3) — that is, rearrange-
ments induced by heavy ions involve 
a higher number of chromosomes and 
breakpoints42, and include both intra- and 
inter-chromosomal exchanges43,44. However, 
most of these complex rearrangements ulti-
mately lead to cell death. In fact, only a few 
complex exchanges are found in the bone 
marrow of mice after 1 week of exposure 
to Fe ions41, and the fraction of aberrant 
cells in the progeny of human lymphocytes 
exposed to heavy ions is close to the 
frequency observed in samples exposed to 
γ-rays45 (FIG. 3e).
Interestingly, chromosomal aberrations 
can be measured in the blood lymphocytes 
of astronauts returning from long-term 
space flights and can then be used to test 
dose and risk estimates from current 
models46. In fact, chromosomal aberrations 
in blood lymphocytes are considered a 
validated biomarker of cancer risk46–48, and 
can be used as biodosimeters to estimate 
equivalent dose in exposed individuals49. 
Biodosimetry studies performed by NASA50–51 
and in Russian cosmonauts52 show that the 
measured chromosomal rearrangements in 
crew members returning from space flight 
are consistent with current models, although 
the biological results are also affected by 
a large experimental uncertainty at low 
doses. However, yields of translocations and 
dicentrics decrease as a function of time 
after exposure during the space mission, and 
it is unclear what the influence of time since 
test should be on risk estimates51. For cos-
monauts involved in multiple spaceflights, 
the final yield of aberrations does not seem 
to be additive46. Further, in experienced 
cosmonauts with a total of about 2 years in 
space, the total yield of the aberrations is 
close to the measured background before the 
first flight52. The real significance of these 
findings remains to be elucidated.
New approaches to cancer risk estimates
The fundamental problem in space radiation 
research is the absence of sufficient evidence 
that models of cancer risk sufficiently 
describe the biology of tumour formation 
from HZE nuclei. Animal studies generally 
demonstrate that HZE nuclei have a higher 
carcinogenic effectiveness than low-LET 
radiation53–56, but RBE values are difficult 
to quantify because of statistical uncertain-
ties, which in many experiments prevents 
a definitive conclusion regarding the risks 
at low doses or dose rates. Additionally, 
the large variety of radiation types in space 
precludes an extensive study of tumour types 
in different strains of mice with different ion 
or dose regimes.
Tissue effects not dependent on direct 
DNA damage that have been associated 
with cancer initiation or progression include 
genomic instability57–61, extracellular matrix 
remodeling62, persistent inflammation63 
and oxidative damage64–66. Research on 
carcinogenesis continues to debate what 
is cause and what is effect67; that is, is the 
cause DNA damage and mutation leading 
to genomic instability, or is it extracellular 
matrix remodelling and other non-targeted 
effects?  Space research benefits from these 
studies, but they must be extended to test 
the effects of HZE nuclei. HZE nuclei can 
modify these responses, as well as others that 
include DNA changes, in ways distinct from 
other radiation types or carcinogens, which 
complicates our ability to estimate and 
design effective mitigations.
Major radiation-induced solid cancer 
sites include breast, thyroid, colon and 
lung68. Lung cancer makes up about one-
third of the cancers attributable to radiation 
Figure 1 | Space radiation environment and shielding. a | The contribution 
in fluence (green), dose (blue), and dose equivalent (red) of different nuclei 
in galactic cosmic radiation. b | How the cancer risk for a mission to Mars 
varies for increasing amounts of shielding materials after considering the 
tissue shielding of the human body. red and black lines represent water and 
aluminium shields, respectively. Lower curves are median estimates, and 
upper curves provide the upper 95% confidence limits. This calculation shows 
that even heavy shields will not be able to reduce the risk by a large factor.
P e r s P e c t i v e s
NATuRE REvIEwS | cancer  vOLuME 8 | JuNE 2008 | 467
© 2008 Nature Publishing Group 
 
Relative contribution in fluence, dose and dose equivalent of different elements in the GCR
spectrum. Calcula ion is an average over 1 year in solar minimum behind 5 g/cm2 Al shielding.
Durante & Cucinotta, Nat. Rev. Canc. vol.8, p.465, 2008
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SOLAR PARTICLES
e, p & some heavy nuclei < 1 GeV/N (v ∼ 0.9c)
not examined in this paper.  The effects on the radiation environment of localized magnetic fields on the Martian 
surface are also not evaluated. 
A. Galactic Cosmic Rays 
The free space GCR environment is made up of heavy 
and light charged ions originating outside the solar 
system.  This ever-present environment is modulated by 
the solar wind and, therefore, varies with distance from 
the sun and to a larger extent, the solar cycle.  Maximum 
GCR intensity is at solar minimum, when the sun is least 
active while minimum GCR intensity occurs at solar 
maximum, when the sun is most active.  Short duration 
exposure to GCR provides little health risk, but longer 
duration exposure may result in late term effects such as 
cataracts and cancers.  The sample calculations 
described in this document utilize the 1992 Badhwar-
O’Neill model2 which defines a solar maximum GCR 
environment and a solar minimum GCR environment at 
1 AU as shown in Fig. 1.  Here the ions are grouped by 
charge, Z.  The GCR environment for a given day is 
calculated by interpolating between solar maximum and 
solar minimum.  One method for doing this interpolation 
utilizes the neutron count measured by the Deep River 
Neutron Monitor (DRNM).  The charged ions making up 
the free-space GCR environment interact with the atoms 
making up the Earth’s atmosphere in two ways.  When 
an atomic interaction occurs, the charged ion strips an 
electron from an atom and loses energy in the process.  
When a nuclear interaction occurs, the charged ion 
collides with or comes very close to an atom’s nucleus.  
Nuclear collisions often result in the destruction of the 
original ion and the production of a number of smaller 
ions and neutrons.  The neutron count measured on the 
Earth’s surface, in this case at the Deep River station in 
Canada, is, therefore, a good predictor of free space 
GCR intensity, because the number of neutrons 
produced in the Earth’s atmosphere increases when the 
number of charged ions impinging on this atmosphere 
increases.    Predicted DRNM numbers3 have been used 
since the monitor was turned off in 1995.  Figure 2 
demonstrates the inverse relationship between solar 
activity and GCR intensity by showing measured and 
predicted DRNM neutron count numbers on the same 
plot with measured and predicted sun spot numbers. 
 
 
 
Figure 1. Freespace GCR environment. 
Figure 2. Sunspot number (blue) and DRNM 
neutron count (red), measured (before 1995) and 
projected (after 1995). 
 
Figure 3. Proton spectra for three historic large 
solar particle events. 
B. Large Solar Particle Events 
Unlike the GCR environment, solar particle events 
are isolated events with durations usually measured in 
hours.  Solar particle events occur when a large number 
of particles, mostly protons, move through the solar 
system.  These events happen during periods of 
increased solar activity and appear to correspond to large 
coronal mass ejections.4  Large SPE have occurred only 
rarely, one or two per eleven year solar cycle in the past 
sixty years, but exposure to a large SPE could be lethal if 
 
nautics and Astronautics 
 
American Institute of Aero
3
SPE Proton spectra Clowdsley et al., AIAA, 2006
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SOLAR PARTICLES 11 YEAR CYCLE - 2016 NEAR MAXIMUM!
9/17/13 7:18 AMFile:August 2013 solar cycle prediction.gif - Wikipedia, the free encyclopedia
Page 1 of 2http://en.wikipedia.org/wiki/File:August_2013_solar_cycle_prediction.gif
File:August 2013 solar cycle prediction.gif
From Wikipedia, the free encyclopedia
No higher resolution available.
August_2013_solar_cycle_prediction.gif ​(720 × 550 pixels, file size: 18 KB, MIME type: image/gif)
This is a file from the Wikimedia Commons. Information from its description page there is
shown below. 
Commons is a freely licensed media file repository. You can help.
Summary
Description English: ISES Solar Cycle 24 Sunspot Number Progression. Observed data through July
2013
Date 5 August 2013
NOAA, 2013
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GEOMAGNETICALLY TRAPPED PARTICLES
Inner belt: 0 - 3 RE = 18,000 km - mainly p
• Starts about 3,000 km
• But SAA dips down to 400 km
Outer belt: 3 - 12 RE = 36,000 km (e,p) - mainly e
(LEO: 200 - 500 km GEO: 22,000 miles = 35,000 km)
•  inner belt: 0 - 3 RE = 18,000 km - mainly p 
•  starts about 3,000 km 
•  but SAA dips down to 400 km 
•  outer belt: 3 - 12 RE = 36,000 km (e,p) - mainly e 
  (LEO: 200 - 500 km      GEO: 22,000 miles = 35,000 km) 
Geo agnetically Trapped Particles 
Wikipedia, 2014 http://science1.nasa.gov/science-news/science-at-nasa/2001
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RADIATION & DOSE
Unit of absorbed dose:
1 Gray == 1 J/kg
Radiation quality factor Q
Sievert = Gray ×Q
•  Unit of absorbed dose: 
•  1 Gray == 1 J/kg 
•  Radiation weighting factor wR 
•  Sievert = Gray x wR 
•  ICRP estimate 
•  1 in 20,000 risk of fatal cancer per 1 mSv dose (lifetime). 
Radiation & Dose 
http://www.nasa.gov/centers/marshall/multimedia/photos/2003/photos03-183.html
ICRP estimate: 5% per Gy
1 in 20,000 risk of fatal cancer per 1 mSv dose (lifetime)
JOHN NORBURY (NASA LANGLEY) SPACE RADIATION RESEARCH AT NASA FRIDAY APRIL 29, 2016 11 / 46
RADIATION & DOSE
December 14-17, 2015 DDTRB - Peer Review 17 
Space Radiation Problem  – Dose Equivalent "
! Dose!Equiv.!(mSv)!
Chest!x4ray! 0.1!
USA!annual!background! 4!
Public!annual!limit!(above!background)! 1!
International!Airline!crews! 4!
Radiation!worker!annual!limit! 50!
No!observed!effects!(Abomb,!instant)! 200!
Death!(instantaneous!dose)! 3,000!
! !
ISS!(with!shield)!annual! 150!
Astronaut!career!limit!effective!dose*! 470!
Mars!(3!year,!incl.!surface)!annual! 1,000!
Large!solar!flare!(free!space)! 10,000!
!
ICRP!cancer!risk!estimate:!5%!per!Gy!~!5%!per!Sv!(for!Q=1)!
1!in!20,000!risk!of!fatal!cancer!per!1mSv!dose!(lifetime)!
*!30!year!old!female,!1!year!mission!(50!yr!m/f!!~!1,000!mSv)!
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AIRCRAFT
http://www.scienceinschool.org/2010/issue14/cloud/maltese
An investigation into the nature of high altitude cosmic radiation in the stratosphere
Figure 7. The Pfotzer curve. Adapted from [3].
0.003 388 579 × 17 = 0.057 605 85 =
expected number of lost counts per 17 s (package)
due to dead time.
227 + 0.057 605 85 = 227.057 6059 =
expected number of counts if lost counts are
included.
0.057 605 85
227.057 6059 × 100 = 0.025 370 588 =
percentage of counts lost.
As only 0.25% of the counts are lost at the
maximum count rate, we can safely assume that
there was no significant effect on our readings due
to an influence by dead time.
Conclusion
We concluded that the peaks in the graphs are to
be attributed to the maximum flux of the com-
ponents of cosmic rays that are of secondary
origin. In other words, at an approximate altitude
of 20 km, there is a peak amount of ionizing
material produced from air shower cascades that
are propagating downwards to the surface. This
peak can be understood by identifying two com-
peting effects. Firstly, cosmic ray intensity will
decrease as altitude decreases, because there have
already been collisions higher up. Secondly, atmo-
spheric density will increase as altitude decreases,
increasing the likelihood of collisions. The prod-
uct of these two competing effects produces a
maximum in cosmic ray flux at ∼20 km. As we
did not use multiple coincidence arrays to isolate
our cosmic radiation measurements solely to the
vertical direction, we are unable to ascertain the
impact that ionizing particles interacting with the
Geiger–Mu¨ller tube from the side had. We can
Figure 8. Payload arrangement. The payload
equipment was contained in an insulated polysytrene
box, separated with dividers (as pictured) and fastened
down with a secondary polystyrene ‘roof’.
Figure 9. Balloon burst at 31 685 m.
only assume, based on previous research, that
the majority of the radiation detected was in the
vertical plane. Looking at previous investigations,
we discovered an article produced by cosmic ray
physicist Pfotzer in the 1930s [3], based on his
work with Regener. Their published graph (see
figure 7) has remarkable similarities with our own
results. It should be noted that the count rate on
the Pfotzer curve (see figure 7) was measured
in counts per 4 min, and our count rates were
measured per every approximate 17 s. The two
graphs seem to be supporting each other. Our
Geiger–Mu¨ller tube recorded omnidirectionally,
whereas their apparatus consisted of threefold
coincidences which isolated their recordings to the
vertical plane. This does not seem to have caused a
major difference between our graphed results. This
suggests that the majority of cosmic radiation is
propagating downwards in a vertical direction.
March 2014 P H Y S I C S E D U C A T I O N 169
Bancroft et al., Phys. Ed. vol.49, p.164, 2014
JOHN NORBURY (NASA LANGLEY) SPACE RADIATION RESEARCH AT NASA FRIDAY APRIL 29, 2016 13 / 46
AIRCRAFT
http://www.scienceinschool.org/2010/issue14/cloud/maltese
An investigation into the nature of high altitude cosmic radiation in the stratosphere
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Geiger–Mu¨ller tube recorded omnidirectionally,
whereas their apparatus consisted of threefold
coincidences which isolated their recordings to the
vertical plane. This does not seem to have caused a
major difference between our graphed results. This
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AIRCRAFT
Domestic crews 1 - 2 mSv /yr
International crews < 4 mSv / yr
Pregnant woman < 5 mSv
(to fetus per pregnancy)
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AIRCRAFT - WHY ALL THE CONCERN NOW?
• NCRP & ICRP have lowered radiation worker exposure
- 50 mSv / yr to 20 mSv / yr
• Air crews most highly exposed of any occupation group
• FAA criticized for not paying enough attention
• Many more polar flights
• Future High Speed Civil Transport (HSCT) radiation levels
- 3 times higher than for crews of subsonic transport
• Only solution available now:
- reduce flight hours
• NAIRAS - Mertens (Langley)
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ELECTRONICS
Computers
Junction density
increasing
Switching energy
decreasing
http://holbert.faculty.asu.edu/eee560/see.html
Need for predicting Single Event Upsets (SEU)
satellite electronics
aircraft electronics (civilian & military)
Shuttle - several hundred SEU / mission
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ELECTRONICS - DEEP SPACE
Electronics on Spirit, Opportunity,
Curiosity etc. are radiation hardened
Shielding very important for Jupiter,
Saturn
http://mars.jpl.nasa.gov/msl/multimedia/images/?imageid=3504
Credit: NASA/JPL/Space Science Institute
http://photojournal.jpl.nasa.gov/catalog/PIA04866
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NUCLEAR & PARTICLE PHYSICS & TRANSPORT
These are the doses received
How were results obtained?
How to design spacecraft & aircraft shields so dose is minimal?
Need
Accurate atomic, nuclear, particle physics theory
Accurate transport theory
Biological models
JOHN NORBURY (NASA LANGLEY) SPACE RADIATION RESEARCH AT NASA FRIDAY APRIL 29, 2016 18 / 46
TRANSPORT
Solve Boltzmann transport eqn (HZETRN)
Deterministic, not Monte Carlo
Want quick answers
Real time dose as function of position & time
Both transport & nuclear physics must run fast
→ Applied nuclear physics
Wilson et al., NASA-RP 1257, 1991 http://www.wikidoc.org/index.php/Ionizing−radiation
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TRANSPORTnot examined in this paper.  The effects on the radiation environment of localized magnetic fields on the Martian 
surface are also not evaluated. 
A. Galactic Cosmic Rays 
The free space GCR environment is made up of heavy 
and light charged ions originating outside the solar 
system.  This ever-present environment is modulated by 
the solar wind and, therefore, varies with distance from 
the sun and to a larger extent, the solar cycle.  Maximum 
GCR intensity is at solar minimum, when the sun is least 
active while minimum GCR intensity occurs at solar 
maximum, when the sun is most active.  Short duration 
exposure to GCR provides little health risk, but longer 
duration exposure may result in late term effects such as 
cataracts and cancers.  The sample calculations 
described in this document utilize the 1992 Badhwar-
O’Neill model2 which defines a solar maximum GCR 
environment and a solar minimum GCR environment at 
1 AU as shown in Fig. 1.  Here the ions are grouped by 
charge, Z.  The GCR environment for a given day is 
calculated by interpolating between solar maximum and 
solar minimum.  One method for doing this interpolation 
utilizes the neutron count measured by the Deep River 
Neutron Monitor (DRNM).  The charged ions making up 
the free-space GCR environment interact with the atoms 
making up the Earth’s atmosphere in two ways.  When 
an atomic interaction occurs, the charged ion strips an 
electron from an atom and loses energy in the process.  
When a nuclear interaction occurs, the charged ion 
collides with or comes very close to an atom’s nucleus.  
Nuclear collisions often result in the destruction of the 
original ion and the production of a number of smaller 
ions and neutrons.  The neutron count measured on the 
Earth’s surface, in this case at the Deep River station in 
Canada, is, therefore, a good predictor of free space 
GCR intensity, because the number of neutrons 
produced in the Earth’s atmosphere increases when the 
number of charged ions impinging on this atmosphere 
increases.    Predicted DRNM numbers3 have been used 
since the monitor was turned off in 1995.  Figure 2 
demonstrates the inverse relationship between solar 
activity and GCR intensity by showing measured and 
predicted DRNM neutron count numbers on the same 
plot with measured and predicted sun spot numbers. 
 
 
 
Figure 1. Freespace GCR environment. 
Figure 2. Sunspot number (blue) and DRNM 
neutron count (red), measured (before 1995) and 
projected (after 1995). 
 
Figure 3. Proton spectra for three historic large 
solar particle events. 
B. Large Solar Particle Events 
Unlike the GCR environment, solar particle events 
are isolated events with durations usually measured in 
hours.  Solar particle events occur when a large number 
of particles, mostly protons, move through the solar 
system.  These events happen during periods of 
increased solar activity and appear to correspond to large 
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enough shielding is not provided.  The proton spectra for three of the largest historical events are shown in Fig. 3.  
This plot show how much these events vary.  The September 1989 event had a very large number of low energy 
neutrons, but the August 1972 event had a larger number of the more penetrating neutrons in the 20 to 200 MeV 
range.  It should be noted that the September 1989 event also included a heavy ion contribution.5
The definition of a “design basis” SPE for NASA exploration missions has been much debated, and at the time 
of this writing, remains unresolved.  Development of a probabilistic model, in which the size and possibly the 
spectral shape of the “design basis” SPE depend on mission characteristics, such as duration and time in the solar 
cycle, has been proposed. It has also been suggested that varying multiples of the proton spectrum incurred during 
either the August 1972 event or the September 1989 event be used to provide corresponding confidence levels of 
astronaut protection.  The King6 model of the August 1972 SPE is used for the analyses described in this document.    
C. Martian and Lunar Environments 
The free space radiation environment is altered by the Martian atmosphere through interactions between the 
charged ions making up the free space environment and the atoms making up the atmosphere, primarily CO2.7-10  
The charged ions lose energy due to ionization, and nuclear collisions occur, producing secondary ions as well as 
neutrons.  These charged ions and neutrons also interact with atoms making up the Martian surface material, 
producing more secondary ions and neutrons.  In order for momentum to be conserved, most of the secondary 
particles produced as a result of nuclear collisions move in the same direction or close to the same direction as the 
primary particles that produced them, but some lower energy, lighter particles (primarily neutrons) produced in the 
Martian surface material are scattered back to the surface.  Therefore, the environment at any location on the surface 
at any given time depends on the free space environment at that time, on the altitude of the location (the amount of 
atmosphere above the surface point), and on the atomic make-up of the material below the surface point (regolith, 
H2O ice, CO2 ice, or some combination).  Calculated Mars surface environments for solar maximum and solar 
minimum are shown in Fig. 4.  For these calculations, an atmosphere of 16 g/cm2 (thickness in cm scaled by density 
in g/cm3) of CO2 and a Martian regolith surface material7 made up of 58.2% SiO2, 23.7% Fe2O3, 10.8% MgO, and 
7.3% CaO input into the HZETRN transport code.  Comparison between Fig. 4 and Fig. 1 shows a neutron 
component to the surface environment, labeled Z=0 in Fig. 4, which is not present in the free space environment 
shown in Fig. 1 and an increased number of low energy light ions, labeled Z=1 and Z=2 in both figures, on the 
Martian surface.  Both of theses differences are caused by interactions between the free space ions and the 
atmosphere and/or surface regolith.  
Since the lunar atmosphere is negligible, the free space environment is only affected by the lunar regolith.  The 
charged ion environment on the surface is, therefore, approximately half that of the free space environment due to 
the surface shadow.  The lunar surface environment, however, also has a low energy neutron component, labeled 
Z=0, made up of neutrons produced during nuclear collisions between free space ions and the atoms making up the 
lunar regolith, as shown in Fig. 5.  The neutron spectrum on the surface of the moon only includes low energy 
neutrons because only low energy neutrons are scattered back up to the surface.   
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Free space GCR environment at 1AU Lunar surface environment due to GCR
Clowdsley et al., AIAA, 2006
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Figure 1. Primary galactic cosmic ray spectra for 1977 solar minimum.
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at any given time depends on the free space environment at that time, on the altitude of the location (the amount of 
atmosphere above the surface point), and on the atomic make-up of the material below the surface point (regolith, 
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in g/cm3) of CO2 and a Martian regolith surface material7 made up of 58.2% SiO2, 23.7% Fe2O3, 10.8% MgO, and 
7.3% CaO input into the HZETRN transport code.  Comparison between Fig. 4 and Fig. 1 shows a neutron 
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shown in Fig. 1 and an increased number of low energy light ions, labeled Z=1 and Z=2 in both figures, on the 
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charged ion environment on the surface is, therefore, approximately half that of the free space environment due to 
the surface shadow.  The lunar surface environment, however, also has a low energy neutron component, labeled 
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Left: Primary GCR spectra at Mars for 1977 solar minimum Kim et al., NASA TP 208724, 1998
Right: Martian surface environment due to GCR Clowdsley et al., AIAA, 2006
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TRANSPORT - MATERIALS COMPARED TO ALUMINUM
Transport - Materials compared to Aluminum 
Dose Equivalent as a function of depth for various materials
Wilson et al., Materials & Design vol.22, p.541, 2001
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From radiation point of view, safest place is inside liquid hydrogen fuel
tank!
Major result
Low Z materials required for weight reduction necessary for future
High Speed Civil Transport (HSCT) and for future spacecraft are
also the best radiation protection materials
Thank goodness!
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Lunar regolith composition
———————————–
Material Mass percentage
SiO2 52.6%
FeO 19.8 %
Al2O3 17.6 %
MgO 10.0 %
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15–324 SHIELDING STRATEGIES FOR HUMAN SPACE EXPLORATION
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Figure 12. Calculated fluence of projectile fragments after traversal of 18 g/cm2 thick polyetherimide shield
irradiated with 33.88 GeV 56Fe ions.
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Figure 13. Attenuation of dose equivalent due to 1977 solar minimum GCR fluence behind regolith and regolith-
epoxy shield as a function of areal density [27].
Attenuation of dose equivalent due to 1977 solar minimum GCR
Simonsen et al., NASA Conference Publication 3360, 1997
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Chemical composition of Martian atmosphere
G. De Angelis et al. / Radiation Measurements 41 (2006) 1097–1102 1099
Langley Research Center (LaRC) heavy ion deterministic code
HZETRN (Wilson et al., 1995), which provides particle energy
spectra at predeﬁned positions in the material layer of interest
as well as the pertinent dosimetric quantities, with energy de-
position from both primary and secondary particles, including
nuclear target fragments, accounted for. The materials are mod-
eled as a thickness ﬁle including the distance of each material
traversed in the order progressing from the outer boundary in-
ward toward the target point. With the speciﬁed environment,
i.e. the speciﬁed charged particle ﬂux boundary conditions, the
transport code is used to generate dose vs. depth functions for
each material under consideration over a range of thicknesses
adequate for interpolation for the shielding analysis. Results
for doses at planet distances at an intermediate time between
the solar minimum and maximum epochs are obtained as dis-
cussed elsewhere (De Angelis et al., 2003, 2004b; Fuji and
McDonald, 1997). For points at the surface, the transport
techniques adopted are mostly the same as those developed for
the free space case, but with two main modiﬁcations: the pri-
mary particles are limited to come only from above the surface,
so the solid angle of acceptance of primary particles is limited
to 2, and it is not the full 4 solid angle like in the free space
case. In some cases, due to local topography features like val-
leys or craters, the solid angle might be even smaller than 2
(Simonsen et al., 1990). Moreover, the backscattering compo-
nent, mostly neutrons, created by the interaction between the
incoming particles and the nuclei composing the surface, is to
be added to the particle ﬂux at the surface. For atmosphere-
less bodies this component is about 1% of the dose given by
GCR alone (Wilson et al., 2001), with little dependence on
the composition of the surface materials. For target bodies
with an atmosphere, a proﬁle of the atmosphere in terms of
density, temperature, and composition vs. altitude (and time)
should be provided, to compute how the primary particle ﬂuxes
are modiﬁed by atmospheric interactions. At the surface the
modiﬁed particle ﬁelds interact with the nuclei composing the
surface, whose chemical composition should be known too (De
Angelis et al., 2004b). For each considered point at the surface,
transport calculations have been carried out.
4. Mars radiation environment modeling
Mars is a planet with an atmosphere, so the modeling
of the Martian radiation environment has to deal with both
atmospheric and surface properties (De Angelis et al., 2004b).
The Martian atmosphere has been modeled by using the Mars
Global Reference Atmospheric Model, version 2001 (‘Mars-
GRAM 2001’, see Justus and Johnson, 2001), based on input
data generated as output of the NASA Ames Mars General Cir-
culation Model (MGCM) for the lower atmosphere, from the
surface to 80 km altitude (Haberle et al., 1993; Barnes et al.,
1993), the University of Arizona Mars Thermosphere General
Circulation Model (MTGCM) for the higher atmosphere, from
80 to 170 km altitude (Bougher et al., 1990, 1999), and a mod-
iﬁed Stewart-type thermospheric model, a latitude–longitude
dependent model also depending on solar activity (Justus
et al., 1996), above 170 km altitude. This model can provide
Table 1
Adopted chemical composition for the Martian atmosphere
Component Percentage (%)
CO2 95.32
N2 02.70
Ar 01.60
O2 00.13
CO 00.08
Table 2
Adopted chemical composition for the Martian surface
Component Percentage (%)
SiO2 44.2
Fe2O3 16.8
Al2O3 08.8
CaO 06.6
MgO 06.2
SO3 05.5
Na2O 02.5
TiO2 01.0
at any time a proﬁle of the Martian atmosphere in terms of
density, pressure, and temperature vs. altitude, needed to com-
pute the atmospheric thickness for the incoming particle ﬂux.
The atmospheric chemical and isotopic composition has been
modeled over results from the in situ Viking Lander measure-
ments for both major (Owen et al., 1977) and minor (Levine,
1985) components (see Table 1). The surface altitude, or better
the atmospheric depth for incoming particles, to compute the
atmospheric thickness proﬁle has been determined by using a
model for the Martian topography based on the data provided
by the Mars Orbiter Laser Altimeter (MOLA) instrument on
board the Mars Global Surveyor (MGS) spacecraft (Smith
et al., 1999). The MOLA topography is measured with respect
to a zero elevation surface level known as the MOLA aeroid
(Smith and Zuber, 1998), which is deﬁned as the gravitational
equipotential surface whose average value at the equator is
equal to the mean planetary radius determined by MOLA data.
Among the various data resolution available (see e.g. Zuber
et al., 1998), in this work half-degree latitude–longitude res-
olution data for both MOLA aeroid surface and topography
have been used (i.e. 30 km spatial resolution at the equator),
but this value can be tuned in case of different user needs.
The Mars regolith composition has been modeled based on
averages over the measurements obtained for Mars 5 (Surkov
et al., 1980) and Phobos 2 (Surkov et al., 1989, 1994) with
gamma-ray spectroscopy, and at the various landing sites for
Viking Landers 1 and 2 (Toulmin et al., 1977; Clark et al.,
1982) and Mars Pathﬁnder missions (McSween et al., 1999;
Bell et al., 2000). From the averaging process an average com-
position has been obtained (see Table 2). In this ﬁrst project
a value of 1.6 g/cm3 (Brückner et al., 1980) for the Mars
soil density has been adopted. The composition, different with
respect to the regolith (e.g. CO2 and H2O ices), of seasonal
and perennial polar caps (Tanaka and Scott, 1987) has been
De Angelis et al., Rad. Meas. vol.41, p.1097, 2006
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spectra at predeﬁned positions in the material layer of interest
as well as the pertinent dosimetric quantities, with energy de-
position from both primary and secondary particles, including
nuclear target fragments, accounted for. The materials are mod-
eled as a thickness ﬁle including the distance of each material
traversed in the order progressing from the outer boundary in-
ward toward the target point. With the speciﬁed environment,
i.e. the speciﬁed charged particle ﬂux boundary conditions, the
transport code is used to generate dose vs. depth functions for
each material under consideration over a range of thicknesses
adequate for interpolation for the shielding analysis. Results
for doses at planet distances at an intermediate time between
the solar minimum and maximum epochs are obtained as dis-
cussed elsewhere (De Angelis et al., 2003, 2004b; Fuji and
McDonald, 1997). For points at the surface, the transport
techniques adopted are mostly the same as those developed for
the free space case, but with two main modiﬁcations: the pri-
mary particles are limited to come only from above the surface,
so the solid angle of acceptance of primary particles is limited
to 2, and it is not the full 4 solid angle like in the free space
case. In some cases, due to local topography features like val-
leys or craters, the solid angle might be even smaller than 2
(Simonsen et al., 1990). Moreover, the backscattering compo-
nent, mostly neutrons, created by the interaction between the
incoming particles and the nuclei composing the surface, is to
be added to the particle ﬂux at the surface. For atmosphere-
less bodies this component is about 1% of the dose given by
GCR alone (Wilson et al., 2001), with little dependence on
the composition of the surface materials. For target bodies
with an atmosphere, a proﬁle of the atmosphere in terms of
density, temperature, and composition vs. altitude (and time)
should be provided, to compute how the primary particle ﬂuxes
are modiﬁed by atmospheric interactions. At the surface the
modiﬁed particle ﬁelds interact with the nuclei composing the
surface, whose chemical composition should be known too (De
Angelis et al., 2004b). For each considered point at the surface,
transport calculations have been carried out.
4. Mars radiation environment modeling
Mars is a planet with an atmosphere, so the modeling
of the Martian radiation environment has to deal with both
atmospheric and surface properties (De Angelis et al., 2004b).
The Martian atmosphere has been modeled by using the Mars
Global Reference Atmospheric Model, version 2001 (‘Mars-
GRAM 2001’, see Justus and Johnson, 2001), based on input
data generated as output of the NASA Ames Mars General Cir-
culation Model (MGCM) for the lower atmosphere, from the
surface to 80 km altitude (Haberle et al., 1993; Barnes et al.,
1993), the University of Arizona Mars Thermosphere General
Circulation Model (MTGCM) for the higher atmosphere, from
80 to 170 km altitude (Bougher et al., 1990, 1999), and a mod-
iﬁed Stewart-type thermospheric model, a latitude–longitude
dependent model also depending on solar activity (Justus
et al., 1996), above 170 km altitude. This model can provide
Table 1
Adopted chemical composition for the Martian atmosphere
Component Percentage (%)
CO2 95.32
N2 02.70
Ar 01.60
O2 00.13
CO 00.08
Table 2
Adopted chemical composition for the Martian surface
Component Percentage (%)
SiO2 44.2
Fe2O3 16.8
Al2O3 08.8
CaO 06.6
MgO 06.2
SO3 05.5
Na2O 02.5
TiO2 01.0
at any time a proﬁle of the Martian atmosphere in terms of
density, pressure, and temperature vs. altitude, needed to com-
pute the atmospheric thickness for the incoming particle ﬂux.
The atmospheric chemical and isotopic composition has been
modeled over results from the in situ Viking Lander measure-
ments for both major (Owen et al., 1977) and minor (Levine,
1985) components (see Table 1). The surface altitude, or better
the atmospheric depth for incoming particles, to compute the
atmospheric thickness proﬁle has been determined by using a
model for the Martian topography based on the data provided
by the Mars Orbiter Laser Altimeter (MOLA) instrument on
board the Mars Global Surveyor (MGS) spacecraft (Smith
et al., 1999). The MOLA topography is measured with respect
to a zero elevation surface level known as the MOLA aeroid
(Smith and Zuber, 1998), which is deﬁned as the gravitational
equipotential surface whose average value at the equator is
equal to the mean planetary radius determined by MOLA data.
Among the various data resolution available (see e.g. Zuber
et al., 1998), in this work half-degree latitude–longitude res-
olution data for both MOLA aeroid surface and topography
have been used (i.e. 30 km spatial resolution at the equator),
but this value can be tuned in case of different user needs.
The Mars regolith composition has been modeled based on
averages over the measurements obtained for Mars 5 (Surkov
et al., 1980) and Phobos 2 (Surkov et al., 1989, 1994) with
gamma-ray spectroscopy, and at the various landing sites for
Viking Landers 1 and 2 (Toulmin et al., 1977; Clark et al.,
1982) and Mars Pathﬁnder missions (McSween et al., 1999;
Bell et al., 2000). From the averaging process an average com-
position has been obtained (see Table 2). In this ﬁrst project
a value of 1.6 g/cm3 (Brückner et al., 1980) for the Mars
soil density has been adopted. The composition, different with
respect to the regolith (e.g. CO2 and H2O ices), of seasonal
and perennial polar caps (Tanaka and Scott, 1987) has been
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GCR Environment 20 cSv/year = 200 mSv/year
Model prediction of dose equivalent from GCR. Calculations are shown at average skin depth
near solar maximum. Cucinotta, Rad. Res. vol.43, p.S35, 2002
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Curiosity MSL RAD Zeitlin et al. Science vol. 340, p.1080, 2013
Mars transit inside vehicle: 1.84 ± 0.33 mSv / day
⇒ MSL (one way) 253 days gives 466 mSv
⇒ 331 mSv for 180 day cruise DRM
⇒ 662 mSv return trip
• Plus surface exposure 200 mSv ?
• Approaching and exceeding limits
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Most robotic missions to Mars have failed, but 
future astronauts headed for the Red Planet 
will have more than an imagined martian jinx 
to worry about. Measurements that the Curi-
osity rover made en route to its touchdown on 
Mars last August show that radiation in deep 
space could pose a significant—if poorly 
understood—threat to human space travelers.
The radiation levels that Curiosity mea-
sured “are in line with the kind we expect,” 
says astrobiologist Lewis Dartnell of the Uni-
versity of Leicester in the United Kingdom. 
“That’s in a way reassuring. But traveling 
Earth to Mars, you’re getting a fairly large 
portion of [the allowed] exposure.” And even 
with good measurements in hand, he adds, 
much about radiation’s effects on the human 
body remains unknown.
The measurements—from the Radiation 
Assessment Detector (RAD) piggybacking 
on Curiosity—provide the best hard num-
bers gauging the radiation that astronauts 
will encounter as they voyage beyond Earth’s 
protective magnetic ﬁ eld. The spacecraft that 
carried Curiosity to Mars provided much the 
same radiation shielding as the Crew Explo-
ration Vehicle that NASA is building to carry 
astronauts beyond low Earth orbit. So RAD’s 
counts of the energetic charged particles that 
make up space radiation should give a reason-
able idea of what humans will be up against, 
says physicist Cary Zeitlin of Southwest 
Research Institute in Boulder, Colorado, lead 
author on the RAD paper on page 1080.
Those energetic charged particles come in 
two sorts. Protons ﬂ ung off the sun in solar 
ﬂ ares or in great blobs of plasma called coro-
nal mass ejections caused a spike in RAD read-
ings ﬁ ve times from December 2011 into July 
2012. The protons’ energies tend to range up to 
a few hundred megaelectron volts. Astronauts 
caught outside with nothing but a spacesuit to 
protect them from those surges could become 
acutely ill, but shielding like RAD’s can stop 
much although not all of such radiation. Then 
there are the cosmic rays—atomic nuclei 
ranging from lone protons up to iron nuclei—
blasting in from the galaxy with energies of a 
few hundred to many thousands of megaelec-
tron volts. Most of them passed right through 
RAD’s shielding or even shattered atoms in 
the protective material, creating showers of 
damaging fragments.
RAD’s bottom line was that a round trip 
to Mars would give an astronaut a hefty 
dose of damaging radiation. Zeitlin and col-
leagues converted RAD measurements of 
energetic particle abundances, energies, and 
masses into a measure of biological damage 
called sieverts, which is related to lifetime 
cancer risk. During a 360-day round trip, 
an astronaut would receive a dose of about 
662 millisieverts (mSv), according to RAD 
measurements. National space agencies 
limit exposure to about 1000 mSv or less 
during an astronaut’s entire career; NASA’s 
limit corresponds to a 3% risk of exposure-
induced death from cancer.
“These results show that cosmic rays are 
not a showstopper,” says Robert Zubrin, a 
trained nuclear engineer and president of The 
Mars Society headquartered in Lakewood, 
Colorado. “This confirms what you might 
expect: The radiation risk is quite acceptable. 
Frankly, it’s a modest portion of the risks on a 
Mars mission.”
Dartnell is less sanguine. 
He notes that RAD trav-
eled to Mars during a qui-
eter part of what is turning 
out to be a relatively quiet 
solar cycle. Future astro-
nauts might well encoun-
ter more and bigger solar 
events, he says. And RAD 
team members have yet to 
report radiation levels from 
the surface of Mars, where 
astronauts could well spend 
a year or more.
But Dartnell’s biggest reservation is 
the uncertainty of it all. “It’s the things we 
don’t know that are the biggest concern,” he 
says. “We don’t know how dangerous [the 
observed radiation] would be.” The con-
version from charged-particle energies and 
masses to biological damage involves “a 
high degree of uncertainty,” Zeitlin says, 
especially when it comes to the heavy nuclei 
of galactic cosmic rays.
So more work looms for both space 
physicists and radiation biologists. “Radia-
tion is one of many risks in space travel,” 
Zeitlin says. But when flesh-and-blood 
explorers start to travel between planets,
 “How much risk?” will be as much an ethical 
as a technical question.
–RICHARD A. KERRC
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receive up to hundreds of thousands of dol-
lars in startup funds and a $163,000 reloca-
tion subsidy. Following the central govern-
ment’s lead, provinces launched their own 
recruitment programs. Zhu was recruited by 
Guangdong , a province in southern China, 
to be a core member of an innovation team 
focused on advanced MRI technology, the 
complaint states. In 2011, the Guangdong 
government recruited 20 innovation teams 
and provided them with about $80 million 
total, according to Chinese news reports. 
Meanwhile, Chinese scientists working 
overseas worry that the allegations against 
Zhu could cast them in a negative light. 
The case will be “followed carefully by 
Chinese scientists both in China and in the 
U.S.,” Han says. Wei Jia, a researcher at the 
University of North Carolina, Greensboro, 
fears that the Zhu case could harm percep-
tions among U.S. employers and federal 
funding agencies.
Two scientists in the case have been 
arrested. The third, Li, returned to China 
before charges were ﬁ led, according to the 
FBI press release. After news of the arrests 
broke, SIAT deleted photos of and informa-
tion about Zhu and Li from its website and is 
reportedly considering legal action to shield 
its reputation. A United Imaging Healthcare 
ofﬁ cial told The Wall Street Journal that it’s 
“impossible that our company would get 
involved in this kind of thing.”
At the very least, the case against the three 
scientists should alarm others attempting to 
straddle two boats. Ying Xu, a bioinformat-
ics researcher at the University of Georgia in 
Athens, says, “I hope those with full positions 
in the U.S. and [who] consult in China can 
learn a lesson from this incident.”
–CHRISTINA LARSON AND HAO XIN
Christina Larson writes for Science in Beijing.
P L A N E TA RY  E X P LO R AT I O N
Radiation Will Make Astronauts’ Trip to Mars Even Riskier 
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MSL-RAD= Mars Science Laboratory Radiation Assessment Detector Kerr, Science vol.340, p.1031, 2013
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JUPITER
Intense radiation
On Jupiter moon Io humans could not
survive for more than a few hours
Callisto
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L1 TO CALLISTO SURFACE OPS (30 DAYS) & RETURN
In addition to applications to Mars science, the
models will allow the use of these models to assess the
impact on human exposure and allow design consider-
ations for all components in either surface operations, in
lava tubes, or in Mars orbit.
3.3. Jupiter neighborhood
The solar wind generated convective currents produce
less effects on the GCR near Jupiter relative to Earth. In
addition, the jovian magnetic field traps particles with
electron intensities to large distances from Jupiter (70
RJ). The electron flux spectrum near Callisto is shown in
Fig. 9. Near a jovian moon, the intensities of all com-
ponents are reduced except the induced neutron fields.
We are developing an Anytime/Anywhere software
package for use in mission analysis and an example of a
mission from the Earth/Lunar L1 to Callisto and return
is shown in Fig. 10 for a fixed mass of four shield ma-
terials. The mission starts near an assumed solar maxi-
mum (2045 AD) using the same projection model as in
Fig. 1. The large exposure rates mid-mission are due to
the jovian electron belts until arrival on the Callisto
surface where there is shielding below the horizon. The
continued increase of the environment on the return to
L1 is due to decreasing solar activity. This software will
soon include the Mars models presented in the previous
section.
4. Conclusions
The deep space environments developed for mission
analysis use physical models to extrapolate the limited
environmental data in both space and time. Induced
fields are evaluated using high-speed transport models.
Interesting dependence of local induced fields on at-
mosphere and ground composition are found which may
be validated using Mars orbital data. The broader
software being prepared will allow radiation exposure
evaluation for arbitrary spectra in the future but limited
to near Earth, near Jupiter, and interplanetary space for
now. The near Mars environment will be added in the
near future.
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SATURN Saturn 
http://www.universetoday.com/15381/radiation-on-saturn/
http://www.nasa.gov/mission−pages/cassini/multimedia/pia06421.html
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HEALTH EFFECTS ON HUMAN BODY
• Carcinogenesis
- Earlier appearance and more aggressive tumors not seen with
controls, gamma-rays or proton induced tumors
- Persistent oxidative damage and inflammatory pathway responses
- New genomics data showing distinct gene expression profiles in
HZE versus γ-ray or x-ray irradiated cell models
• Acute Radiation Syndrome due to Solar Particle Events
- Research addresses dose threshold, dose-rate effects
with countermeasure evaluation
- Future work to understand impact of possible high skin dose
and microgravity on immune system and blood forming organs
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HEALTH EFFECTS ON HUMAN BODY
• Acute or Late Central Nervous System (CNS) Effects
- Concern for CNS risks originated with the prediction of the light flash
phenomenon from single high-Z high-energy nuclei traversals of the
retina; this phenomenon was confirmed by the Apollo astronauts
- Major uncertainty how to extrapolate results from animals to humans
• Degenerative Tissue or other health effects
- Occupational radiation exposure from the space environment
may result in degenerative tissue diseases (non-cancer or non-CNS)
such as cardiac, circulatory, or digestive diseases, & cataracts
- Mechanisms & magnitude of influence of radiation leading to these
diseases are not well characterized
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NASA SPACE RADIATION LABORATORY
• Brookhaven National Lab on Long Island
• protons: 4 GeV
• protons - Fe: 50 MeV/n - 1.5 GeV/n
• up to Au: 165 MeV/n
http://science.energy.gov/np/benefits-of-np/applications-of-nuclear-science/archives/nasa-space-radiation-laboratory-nsrl/
http://spaceref.com/missions-and-programs/nasa/nasa-fiso-presentation-an-overview-of-the-nasa-space-radiation-laboratory.html
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NEW DEVELOPMENTS - PION CONTRIBUTION TO DOSE
Contribution to dose rate for particle groups at 
different locations on the ISS 
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41% 49% 47% 26% 48% 
53% 59% 74% 52% 51% 
Norman, Blattnig, De Angelis, Badavi, Norbury: Adv. Space Res. 50, 146, 2012; Aghara, Blattnig, Norbury, Singleterry: Nucl.
Inst. Meth. B 267, 1115, 2009; Slaba et al., NASA TP-2013-217983; Adv. Space Res. 52, 62, 2013;
Pions can contribute almost 50% to dose
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NEW DEVELOPMENTS - NEUTRONS & LIGHT IONS
Percent contribution to BFO dose equivalent by charge group
Figs. 1–5 show the percentage of the dose equivalent for
each organ, for each vehicle conﬁguration, as a function
of charge group. As a reference, the left most column in
each ﬁgure reiterates the free space values. The relative
eﬀectiveness of vehicle shielding is manifested in Figs. 1–5
by the smaller percentage contributions of the heavy ions
and the nonzero percent contributions by neutrons, which
are purely secondary particles, for each vehicle
conﬁguration.
3.1. BFO dose equivalent results
As displayed in Fig. 1, heavy ion contributions to the
BFO dose equivalent vary from 57% for the astronaut
located at the center of a 1 g/cm2 aluminum sphere, to less
than 10% for the astronaut located next to the wall of a
30 g/cm2 aluminum sphere, or at the ISS Liulin-107 loca-
tion. For astronauts located anywhere in a sphere of 5 g/
cm2 aluminum or less, the dose equivalent contributions
from heavy ions are 39–57%. The only complex geometry
location with heavy ion dose equivalent contribution
comparable to these results is STS_dloc3 (44%).
Heavy ion contributions to BFO dose equivalent for the
remaining complex geometry locations are 10–29%. Heavy
ion contributions at all Liulin locations (10–17%) are even
lower than those for the astronaut at the center of a 30 g/
cm2 aluminum sphere (20%). Finally, note that at the ISS
Liulin locations, the neutron contributions to BFO dose
equivalent exceed those from the sum of all heavy ions.
3.2. Heart dose equivalent results
From Fig. 2, heavy ion contributions to the heart dose
equivalent vary from 49% for the astronaut located at the
center of a 1 g/cm2 aluminum sphere to 8% for the astro-
naut located next to the wall of a 30 g/cm2 aluminum
sphere. For astronauts located anywhere in a sphere of
5 g/cm2 aluminum or less, the dose equivalent contribu-
tions from heavy ions are 34–49%. The only complex
geometry location with a heavy ion dose equivalent contri-
bution comparable to these results is STS_dloc3 (38%).
Heavy ion contributions to heart dose equivalent for the
remaining complex geometry locations are 8–28%. Heavy
ion contributions at all Liulin locations (8–15%) are again
lower than those for the astronaut at the center of a 30 g/
cm2 aluminum sphere (18%). Finally, note that at the ISS
Table 3
Percent contribution by charge group to dose equivalent for the 1977 solar minimum, free space GCR spectrum.
Charge group Z ¼ 0 Z ¼ 1 Z ¼ 2 3 6 Z 6 10 11 6 Z 6 20 21 6 Z 6 28
Percent of dose equivalent 0.0 7.32 3.6 18.44 32.16 38.48
Fig. 1. Percent contribution to BFO dose equivalent by charge group. The left most column labeled free space is the percent by charge group of the 1977
solar minimum GCR from Table 3.
S.A. Walker et al. / Advances in Space Research 51 (2013) 1792–1799 1795
Walker, Townsend, Norbury, Adv. Space Res. vol.51, p.1792, 2013
Neutrons and light ions (H, He) can dominate Dose Equivalent
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NEW DEVELOPMENTS - GCR SIMULATION
Two approaches to Galactic Cosmic Ray (GCR) simulation:
1 
•  External field approach 
Aluminum 
shield 
Biological target 
Beam 
Beams selected to 
represent external, 
free space field 
before shielding 
•  Local tissue field approach 
Biological target 
Beam Beams selected to directly represent 
shielded tissue field 
External 
field 
Local 
tissue 
field 
Two	  approaches	  to	  GCR	  simula5on	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NEW DEVELOPMENTS - MINIMUM DOSE EQUIVALENT VS. DEPTH
2015 ARP: Thick GCR Shielding EOY Continuation Review 
Benchmark Description 
1	  
•  Geometry: Slab with equal thickness of aluminum shielding in front and 
behind a thin (0.03 mm) water target 
-  Considered a range of aluminum thicknesses from 0 g/cm2 to 100 g/cm2 
•  Boundary conditions: 1977 solar minimum GCR environment 
-  Considered each ion individually with greater emphasis on more abundant ions 
-  Connects with ions considered in measurement piece 
•  Computed flux, dose, dose equivalent, and LET spectra in all codes 
-  Carefully went through Monte Carlo options to ensure output quantities are defined 
consistently 
External GCR 
boundary condition 
spectrum 
Front 
shield 
Back 
shield 
Water target 
Infinite lateral 
dimensions 
X g/cm2 Al≡ X g/cm2 Al front + 0.03 mm water + X g/cm2 Al back
December 14-17, 2015 DDTRB - Peer Review 18 
Recent High Impact Discoveries"
MINIMUM IN DOSE EQUIVALENT VS. DEPTH
[Blattnig, Slaba, Bahadori, Norman, Clowdsley, Space Radiation Investigators’ Workshop, Galveston, TX, 2014]
• New d sign paradigm
• If forward/backward (FB) neutron transport and pions turned ON
- Minimum in dose equivalent vs. depth near 40 g/cm2
- Increased shielding increases exposure
- Material optimization more important than previously thought
New Design Paradigm 
4 
•  If forward/backward (FB) neutron transport and pion contributions are 
turned ON 
- Local minimum in dose equivalent response near 40 g/cm2 
- Increased shielding (mass) changes/amplifies exposure 
- Design implication: material optimization may be more important than previously 
thought 
 
BON2010 used to generate Oct 1976 GCR environment. 
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PIONS MAKE LARGE CONTRIBUTIONS TO DOSE
[Slaba, Mertens, Blattnig, NASA TP-2013-217983]
[Norman, Blattnig, De Angelis, Badavi, Norbury: Advances Space Research 50, 146, 2012]
[Slaba, Blattnig, Reddell, Bahadori, Norman, Badavi: Advances Space Research 52, 62, 2013]
[Aghara, Blattnig, Norbury, Singleterry: Nucl. Inst. Meth. B 267, 1115, 2009]
Contribution to dose rate for particle groups at 
different locations on the ISS 
0 
0.5 
1 
1.5 
2 
2.5 
3 
3.5 
MDU 1 MDU 2 MDU 3 MDU 4 TEPC 
D
os
e 
R
at
e,
 µ
G
y/
da
y 
Pions + Muons + EM 
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41% 49% 47% 26% 48% 
53% 59% 74% 52% 51% 
MDU=Mobile Dosimetry Unit (ISS)
• Important discovery in space radiation
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INTERNAL ENVIRONMENT
[Walker, Townsend, Norbury, Advances in Space Research 51, 1792, 2013]
Percent contribution to BFO dose equivalent by charge group.
Light ions & neutrons dominate!
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Pion contribution 
to Dose 
Minimum in 
Dose Equiv. 
vs. Depth 
Light ion & Neutron 
contribution to Dose Equiv. 
•  90% effective dose > 250 MeV/n 
•  GCR simulation at NASA Space 
Radiation Lab (NSRL) 
Other:	  
Blattnig, Slaba, Bahadori, Norman, Clowdsley, Space Radiation Investigators’ Workshop, Galveston, TX, 2014
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KOREA CONTRIBUTIONS
• Human presence throughout solar system in 21 century
- International endeavour
- New frontier - many economic rewards - reaped by participants
• Korea Institute of Radiological and Medical Sciences (KIRAMS)
- Expertise in proton and heavy ion therapy and radiological sciences
- Highly relevant to space radiation
• Space Radiation
- Major uncertainties associated with low dose rate
- KIRAMS contribution?
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CONCLUSIONS
Human exploration of solar system
Radiation protection is a major issue
Fundamental studies in physics and radiobiology still needed
Republic of Korea could make major contributions
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THE END
john.w.norbury@nasa.gov
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